This paper describes the application of a three-dimensional computational fluid dynamics code to a large-scale river scheme. One of the primary aims of this paper is to provide a tool, which utilises a roughness closure derived from physical processes, requiring minimal calibration. Accordingly, a roughness closure based on the traditional drag-force approach is implemented. Unlike other implementations of this approach, the drag force is only introduced in the momentum equations and not into the turbulence closure. This ensures that the coefficients of the turbulence closure model 
INTRODUCTION
River restoration is the repairing of a degraded ecosystem to a close approximation of its natural state. Often the enhancement of a riverine environment is carried out for several purposes including increasing the river system's conveyance capacity, the creation of floodwater retention, the enhancement of water quality and the improvement of wildlife habitat. Both aquatic and riparian vegetation have become central to river restoration schemes and the importance of their preservation to river ecology is now recognised. The reinstatement of vegetation will diminish the river's conveyance capacity, although its presence and associated reduction in mean velocity is necessary to provide habitat for invertebrate communities, and fish spawning grounds. Furthermore recent bioengineering approaches, which combine both live and dead plants to produce natural functioning systems, have been used to prevent and control erosion, and to enhance natural decontamination of agricultural runoff entering the river system. This is an area in its infancy and few recommendations are available to aid the practitioner to assess the impact of meander, floodplain and, in particular, vegetation reinstatement both on the local velocity distribution and the flood conveyance of the system. In the past, vegetation in open channels was treated as an additional flow resistance to be added to the bed roughness (see Cowan 1956; Chow 1959) in one-dimensional flow formulae, since submerged and emergent riparian vegetation may be considered to be the fundamental source of energy loss in natural compound channel flow. A similar onedimensional method was later followed by Petryk & Bosmaijan (1975) , who developed an approach to account for varying flow depths and vegetative characteristics. Due to varying depth and flow resistance along the width of a compound channel, the determination of discharge capacity can be complicated. Overbank areas have to be subdivided into different regions that have different roughness properties to the main channel. Many variations of the divided channel method have been proposed (see, for example, Masterman & Thorne 1982; Greenhill & Sellin, 1993) . Typically the compound cross section is subdivided into sub-regions accounting for the depth/resistance variation. However, some approaches also account for the turbulent momentum exchange between the faster velocities in the main channel and the slower velocities on the vegetated floodplain (Wormleaton et al. 1982; Ervine & Ellis 1987) .
More complex methods for multi-dimensional flow problems have been developed by Shimizu & Tsujimoto (1994) and Lopez & Garcia (1997) using a two-equation turbulence closure approach. This was first introduced by Wilson & Shaw (1977) , to model atmospheric flows over plant canopies. A modified k − e turbulence closure model is used, introducing drag-related sink terms into the momentum as well as into the turbulent transport equations. Experiments conducted at the Hydraulic Laboratory, Kanazawa University, Japan (Tsujimoto et al. 1991) 
METHODOLOGY
In order to achieve these integrated objectives, a 3D
numerical model developed at Bristol University (Stoesser 2002 ) was applied to relevant reaches of the Rhine. A 3D approach was considered appropriate in order to capture the variation in streamwise and cross-streamwise velocity 
NUMERICAL MODEL DESCRIPTION Discretisation of governing flow equations
The utilised numerical model has been developed and validated at Bristol University on a variety of flow situations in physical models and is fully described by Stoesser (1)
where U is the velocity averaged over time t, x is the spatial geometrical scale, is the water density, P is the pressure, 
Implementation of boundary conditions
To perform a flow simulation, four boundaries need treatment. The inflow boundary is set as a Dirichlet boundary condition: since only the upstream discharge is known it is prescribed at the inlet. At the outflow boundary, neither the value of the flow variable nor the flux is known.
Therefore, the water level is kept constant and a zero 
DETERMINATION AND CLASSIFICATION OF FLOW RESISTANCE PARAMETERS
The German Association for Hydraulic Engineering Table 1 . (strip numbering is given along the top of the diagram). Figure 6 for strip numbering). Table 2 ). The measurement procedure and the apparatus employed may appear to be Table 3 . The grain roughness k s was calculated from the average gradation curve of the bed material determined through particle sieve analysis (see 
FLOODPLAIN VELOCITY MEASUREMENTS

RESULTS AND DISCUSSION
Water surface profile
Whilst the aim of the model based here has been to utilise a physically based approach, the parametrisation of grain roughness and vegetation geometry from fieldwork will undoubtedly contain some error. For example, Table 3 demonstrates that, even in this well-defined case where particle sieve analysis has been conducted, the choice of Mannings n of n = 0.032, was found. This is equivalent to the value suggested by the Mertens formulae based on the sieve analysis. The difference between calibrated (n = 0.032) and uncalibrated (n = 0.033) values was thus negligible and good correspondence could be obtained between the measured and computed water surface profiles for this event for both parametrisations (see Figure   10 ). The vegetative roughness coefficient l p was verified using the larger flow event (3040 m 3 s − 1 ) where all floodplains were inundated. The parameter l p was adjusted from 0.11 l m − 1 to 0.082 l m − 1 by the variation of plant diameter D in order to achieve a good match between the observed and computed water levels (see Figure 11 ). If we assume that the distribution of vegetation is the same as in the reference site (i.e. that a x and a y are held constant), this value corresponds to a further reduction in average plant diameter of 4.3 m to 3.2 m. We assume that this need for recalibration is predominately due to errors in determining vegetation geometric and biomechanic properties and indicates the level of precision necessary to achieve these measurements. For the 1994 event the value for bed roughness was parametrised as the calibrated value for the 1999 flood. As Figure 12 shows, the agreement between observed and calculated waterlevels is likewise satisfying.
This illustrates that this method requires a minimised calibration effort, since the determination of roughness parameters is based on the physics of the flow resistance.
Flow field
The presence of the vegetated groin fields on alternating sides along the reach causes a reduction in velocity within the floodplain relative to the main channel (see Figures 13   and 14) . The computed near-surface velocities are up to was computed, which corresponds well with the observed mean velocity from the tracer field tests. Figures 14(a-d) also show the tendency of the relatively straight river reach to meander due to the alternating location of the floodplains and the vegetation on the river banks. There is a trend for the higher velocities to be predicted mainly in the deeper parts of the main channel. non-armored bed with a fairly steep sieve curve (Dittrich 1998) . A field visit after the 1999 stormwater event showed that the main channel bed had been in motion and that geomorphological changes in the main channel and along the floodplain interface had indeed taken place (Dittrich et al. 2000) .
CONCLUSIONS
Whilst the roughness closure approach presented herein does not eliminate entirely the process of calibration, we have presented and applied a method which is based on the physics of flow resistance which significantly reduces 
